The thermal embossing form of nanoimprint lithography is used to pattern arrays of nanostructures into three different polymer films. The shape of the imprinted patterns is characterized with nanometer precision using both x-ray scattering and reflectivity techniques. The time dependent response of the pattern shape at temperatures near the glass transition temperature reveals large levels of residual stress induced by the imprinting process. During the imprint, large shear fields are generated as the viscous polymer flows into the mold. If these shear distortions do not have time to relax during the imprinting, internal stresses are frozen into the final pattern. At elevated temperatures in the freestanding structures ͑once the mold has been separated from the imprint͒, there is an accelerated reduction in pattern height in the reverse direction from which the material originally flowed into the mold. Factors that influence this residual stress include the relative molecular mass or viscosity of the resist and the amount of time the pattern is annealed at high temperature in the presence of the mold.
I. INTRODUCTION
Nanoimprint lithography ͑NIL͒ is emerging as a versatile next generation lithography. The technique receives significant attention because of its combination of high patterning resolution in a low cost tool. Examples of this resolution are seen by reports that feature even smaller than 10 nm can be patterned with imprint processes, approaching a molecular scale resolution. 1, 2 This is exciting because NIL has the potential to pattern not just specialized resist formulations for pattern transfer, but also a range of polymeric or soft materials that may have structural, chemical, electrical, or optical functionality. Because of this generality and low cost, NIL has the potential to make state-of-the-art nanoscale patterning a reality for sectors extending beyond the semiconductor industry.
The high resolution of NIL patterning also raises serious concerns with respect to the stability of the imprinted features. One can imagine that a freestanding polymer nanostructure might also be very unstable. Factors such as surface tension and finite size effects become very significant when the pattern size reaches the nanoscale. For example, planar polymer films sometimes spontaneously dewet when their thickness is reduced to tens of nanometers. [3] [4] [5] [6] [7] Nanostructures produced by chemically amplified photoresists show an increased propensity for pattern collapse as the their width decreases below 100 nm. 8 Likewise there are simulations indicating a strong reduction in the fundamental elastic moduli of the material inside a nanostructure when the width of the nanostructure decreases below 50 nm. 9 These stability concerns are magnified in light of the shear fields generated when a viscous material flows past a rigid surface. The surface area in a NIL mold can be enormous with essentially all the material that flows into the mold being classified as "interfacial." This means that the entire structure is subjected to these large shear fields during the imprint and there may be the potential to lock in nonequilibrium material configurations. The goal of this article is to illustrate the existence of large residual stresses that are induced by the large shear fields associated with the imprint process, particularly pertains to the thermal embossing form of nanoimprint lithography. The topic of photocurable imprints where the resist fills the mold as a liquid with a waterlike viscosity will be addressed at a later date. Parallel line space gratings with an approximate linewidth of 100 nm are imprinted into a range of polymer films. The precise shape or cross section of these imprints is characterized nondestructively through a combination of critical dimension small angle x-ray scattering [10] [11] [12] [13] ͑CD-SAXS͒ and specular x-ray reflectivity ͑SXR͒. [14] [15] [16] To perceive the presence of the processing induced stresses, the samples are heated to temperatures near the glass transition ͑T g ͒ of the polymer, where stress relaxation mechanisms are accelerated but the viscous flow mechanisms are still sluggish. The shape of the imprinted pattern is then monitor as a function of annealing time using the CD-SAXS and SXR techniques. The relaxation of the large processing induced stresses is manifested as a change of the pattern shape.
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II. EXPERIMENT
Large area imprint molds with parallel line and space gratings were fabricated by interference lithography. The patterns in these molds were etched into silicon oxide and all had approximate 100 nm linewidths. We have a variety of these molds with small variations in the linewidth, pitch, height, and sidewall angle; not all of the patterns in this article originate from the same mold. However, the comparisons within each figure below are limited to samples originating from the same mold. The molds were treated with tridecafluoro-1,1,2,2 ͑tetrahydroctyl͒trichlorsilane vapor to create a low-energy self-assembled monolayer that facilitates pattern release. The imprints were made into three different materials. These included two different poly͑methyl-methacrylate͒s ͑PMMA͒ with relative molecular masses of 15 and 1000 kg/ mol, poly͑styrene͒ with a molecular mass of 96 kg/ mol, and the commercial Nanonex 1020 resist formulation ͑Certain commercial materials and equipment are identified in this paper in order to specify adequately the experimental procedure. In no case does such identification imply recommendation by the National Institute of Standards and Technology nor does it imply that the material or equipment identified is necessarily the best available for this purpose.͒ The PMMA were dissolved in anisole at concentrations of 6.4% by mass ͑15 kg/ mol͒ and 2.5% by mass ͑1000 kg/ mol͒. Poly͑styrene͒ ͑PS͒ was dissolved in toluene at a concentration of 4.0% by mass. The films were spun cast at 209 rad/ s ͑2000 rpm͒ onto Si wafers with a native oxide surface. The spun cast films were baked under vacuum for 30 min at 170°C for the PMMA and PS and at 80°C for the Nanonex 1020 resist to remove the residual solvent. The initial film thickness of all samples was deliberately designed to be around 280 nm to minimize the substrate effect. The imprints were made on a Nanonex 2000 imprint tool with a mold that has a pitch of 355 nm for PMMA and 194 nm for both PS and Nanonex 1020 resist. After sufficiently evacuating the sample chamber, the imprints were made in two steps: 10 s at 130°C and 1.4 MPa ͑for all films͒ followed by 10 min at 170°C and 3.4 MPa for the PMMA, 5 min at 170°C and 3.4 MPa for the PS, and 1 min at 130°C and 1.7 MPa for the Nanonex 1020. The imprint tool then was cooled to 55°C, below the glass transition temperature of the resist, before releasing the pressure and separating the pattern from the mold. The residual layer thickness is measured by SXR to be around 200 nm for PMMA patterns, 125 nm for PS patterns, and 127 nm for the Nanonex resist patterns.
SXR measurements were performed on a Phillips X'pert diffractometer with a -2 configuration. Details of the SXR measurements can be found in Refs. 14-16. For all of the reflectivity data presented here, the mold and the imprinted pattern were adjusted so that the line orientation was perpendicular to the plane defined by the surface normal and the incident beam. However, parallel orientations were also measured and the results are nearly identical to the perpendicular configuration reported here. SXR is a well-established technique for measuring the thickness, density, and roughness of thin films supported on a smooth substrate. Recently we have shown how this technique can also be used to quantify the residual layer thickness, pattern height, and pattern cross section as a function of height. [14] [15] [16] Details of the CD-SAXS technique are described elsewhere. [10] [11] [12] [13] Briefly, the technique uses transmission small angle x-ray scattering through the supporting Si wafer, treating the polymer pattern as a diffraction grating. The diffraction peak spacing is given by ⌬q =2 / L, where L is the pattern period, q =4 / sin͑͒, is the x-ray wavelength, and 2 is the scattering angle as measured along the axis of diffraction. Parameters describing the pattern cross section are determined by the relative intensity of the peaks at varying angles of incidence , with = 0°defined as the incident beam normal to Si wafer. [10] [11] [12] [13] The CD-SAXS measurements were performed at the Advanced Photon Source at Argonne National Laboratory. The key to the technique is to use an x-ray energy that is just below the absorption edge of Si, enabling transmission scattering through the supporting Si wafer. Selecting an x-ray wavelength of 1 Å or less, which is easily done at a synchrotron source, achieves this condition ͑it is also possible to do transmission scattering using a Mo K ␣ x-ray source in a laboratory x-ray generator͒.
III. RESULTS
The patterns imprinted into the 15 kg/ mol PMMA were characterized at room temperature using the CD-SAXS technique. The as-imprinted patterns were fully characterized at room temperature over −20°ഛ ഛ + 20°in increments of ͑1 ± 0.05͒°; collecting data over this angular range required about 80 min. The scattering data were fitted to a trapezoidal cross section for the lines with an average linewidth W of 141± 1 nm, an average height H of 210± 10 nm, and an average sidewall angle ␤ of 5°± 0.5°. To determine the validity of the trapezoid model requires collecting data over such a large range. Once the pattern shape was completely characterized at room temperature the sample temperature was increased to about 101°C, 15°C above the T g of the PMMA, and held in situ in the x-ray beam. Over the period of 80 min required to collect the entire rotation from −20°t o +20°the pattern changes significantly for temperatures near T g , making in situ rotation measurements unfeasible. Therefore the in situ changes in the diffraction pattern were recorded only at the normal incidence condition of = 0°. These data sets could be collected in approximately 2 min intervals. The full rotation of ±20°is needed initially to determine the correct model, for example, the trapezoid here. However, if the shape of the model does not change significantly ͑e.g., the trapezoid does not turn into hemispherical drop͒ with annealing, the changes in the fitting parameters for just the normal incidence scattering data are sufficient to extract the changes in the model dimensions. For the annealing times and temperatures employed here, we have confirmed that the trapezoidal cross section is a reasonable approximation throughout the annealing process.
In the case of imprinted 15 kg/ mol PMMA patterns, after annealing the lines for 46 min near T g + 15°C, the line shape evolved into a trapezoid with an average linewidth W of 180± 1 nm, an average height H of 55± 10 nm, and an average side-wall angle ␤ of 25°± 0.5°; the trapezoids decrease in height and broaden in width. The time evolution of this shrinking and broadening processes, or pattern decay, of the 15 kg/ mol PMMA imprint is shown in Fig. 1 . These data were recently introduced elsewhere 17 and discussed in greater detail here. The time dependence curves in Fig. 1 show that the decay of the PMMA patterns is initially fast but slows down markedly at longer times. In parts ͑A͒-͑C͒ an arbitrary smooth exponential function is fitted to the data. Part ͑D͒ shows the derivative of this fit function for the H and W dependencies. What is striking is that in the initial stages of decay in the pattern height are much faster than the rate of pattern broadening. In the early stage of annealing, H decreases at a rate of Ϸ3 nm/ s but this slows to Ϸ0.01 nm/ s at long times ͑2500 s͒. By contrast, the rates of pattern width broadening ͑including the average, top, and bottom widths of the trapezoid͒ are Ϸ1 nm/ s initially. After 1000 s the linewidth evolution slows down significantly to Ϸ0.01 nm/ s and remains nearly constant at longer times. At 1000 s the decay rate in H is still an order of magnitude greater, Ϸ0.3 nm/ s. While the decay rate in H also reaches a constant on the order of 0.01 nm/ s, it does not approach this value until 2500 s; at 1000 s the rate of change in pattern height is still about one order of magnitude greater than the rate of change in pattern width.
Hamdorf and Johansmann 12 Pa s͒ and T 0 ͑=118°C͒ are a reference viscosity and temperature, and the constants C 1 ͑=12.21͒ and C 2 ͑=70.1͒ are empirically determined. 20 The WLF predicted viscosity for bulk PMMA is approximately bulk = 7.9ϫ 10 9 Pa s. This is clearly more consistent with the dH / dt values after 2500 s of annealing. The late stage pattern evolution appears to approach a surface tension driven viscous flow regime while the early stage decay rate is accelerated.
There are a couple of possible explanations for the accelerated early stage pattern decay rates. Unlike the sinusoidal imprints studied by Johannsmann, it is recognized that the patterns here possess a nonuniform radius of curvature. The small radius of curvature at the vertices of the trapezoid will produce large, localized Laplace pressure gradients that may be responsible for the accelerated flow. To properly model the surface tension driven decay of the pattern, these radii of curvature need to be properly accounted for. Before developing these models, it is not immediately clear how such an effect would lead to an anisotropy in the rates of decay in the height and width directions. This anisotropy would seem to suggest an inherent anisotropy in the material. In the remainder of this article we will experimentally demonstrate that the rapid decay in pattern height relative to pattern width is driven at least partially by residual stresses induced during the imprint process. The large shear fields induce viscoelastic distortions of the material during the imprint process, providing an elastic restoring force that dramatically decreases the line height at elevated temperatures.
Our first evidence that residual stress is a dominant factor driving the early stage pattern decay comes from the molecular mass effects on the decay process. For entangled polymers, the surface tension does not vary noticeably with molecular mass; however, the melt state zero shear viscosity scales as ϰ M 3.4 , where M is the relative molecular mass. This means that the driving force for pattern decay in the surface tension driven regime of Johannsmann should not change with molecular mass but the kinetic response, dictated by the viscosity, of a low molecular mass polymer pattern should be significantly faster than the high molecular mass analog. To test this hypothesis, identical patterns were imprinted into two different PMMA films, one with a molecular mass of 15 kg/ mol and another of 1000 kg/ mol. In terms of the zero shear , the pattern decay rate of the high molecular mass pattern should be Ϸ2 ϫ 10 6 times slower. Figure 2 compares the time dependence of the pattern width broadening in the two PMMA patterns at T g + 10°C. The rate of pattern shape change is the opposite of what viscosity would predict, larger in the higher molecular mass PMMA. This cannot be rationalized with a simple surface tension effect.
Higher molecular mass PMMA will also have a significantly larger viscosity during the imprint process. This will generate greater shear fields as the viscous material is squeezed into the mold cavity. In fact, it is likely that the mold fill process is accompanied by viscoelastic deformation of the material. This has the potential to induce biases or internal stresses in the material during the nanoimprint process. These biases will be oriented in the direction of material flow, i.e., in the height direction. Both the faster decay of pattern height relative to pattern width and the faster rate of change in the higher molecular mass PMMA imprints are consistent with this internal stress mechanism.
It should also be possible to relax the biases or stresses induced by the imprint process and see their effect on the kinetics of the pattern decay. To illustrate this, two imprints were made into a PS film with a molecular mass of 96 kg/ mol using identical imprint times, temperatures, and pressures. After imprinting and cooling back to room temperature, the mold was immediately separated from one of the patterns. The mold was left in contact with the pattern for the remaining imprint and annealed in a vacuum oven at 170°C for 27 h. At 70°C above T g the PS should have enhanced mobility to help relax the stresses induced by the imprint process. After annealing for 27 h, the sample was cooled to room temperature and the mold was separated from the imprint. In this case the decay of the "relaxed" and "unrelaxed" imprints were characterized by SXR. SXR is inherently slower than CD-SAXS, requiring approximately 1 h for each measurement. This means that each sample had to be annealed on an external hot plate for sequential intervals of time with the SXR data collected between each interval at room temperature; in situ measurements are not possible with SXR. However, SXR has the added benefit that it can simultaneously quantify the residual layer thickness. Up to now the role of the residual layer in the pattern decay process has not been addressed. Figure 3 shows the time dependence of the pattern height decrease at T g + 5°C for both the relaxed and unrelaxed imprints. Parts ͑a͒ and ͑b͒ show how the complete pattern profiles change with annealing while part ͑c͒ emphasizes the changes in pattern height and residual layer thickness. As expected, annealing the imprint inside the mold at elevated temperatures helps to partially relax the residual stresses in the imprint and retard the decay process. For a given annealing time, the amount of change in the relaxed structures was less than the unrelaxed. The effect is small but noticeable and it remains to be seen how long the sample needs to be annealed to completely relax the stresses. One can also see that the residual layer thickness increases as the pattern decays in height. A simple first order approximation reveals that the volume of the material lost by the pattern in terms of just the height decay equals the volume of material gained by the residual layer thickness increase. This important observation is consistent with the minimal change in pattern width during the decay. A loss in height does not correspond to an increase in width; a loss in height shows up as an increase of the residual layer thickness. Notice that retarded kinetics of the pattern height decay in the relaxed sample is also mirrored in the growth of the residual layer.
The processing induced residual stress appears to be a general phenomenon for the thermal form of imprinting. PS and PMMA are model polymer systems but the effect is also seen in commercial imprint formulations. An example of this is shown in Fig. 4 where the time dependent evolution of a pattern imprinted into a Nanonex 1020 commercial imprint is shown. The evolution of the complete line shape profiles extracted from SXR data is overlaid for various annealing times at 70°C. For this commercial resist formulation, we do not know the exact T g . Nevertheless, once again the pattern decays primarily in height with little change in the width. Compared to PS and PMMA the anisotropy is not as pronounced, but the general phenomena are similar. Only at longer annealing times is there evidence of broadening.
The notion of process induced nanoimprinting stresses is not without precedent. Here we characterize the stability of the protrusions in the imprinted pattern, which is the regions where material flows into the cavity of the mold. There are a few complimentary studies focusing on the recesses in the pattern that correspond to the protrusions in the mold. These are the regions depleted of material when the mold is pressed into the film, that is, regions corresponding to the residual layer. There are often reports of an elastic recovery of these depressed regions manifest as a local increase in the thickness of the residual layer after demolding. This also suggests that there are elastic stresses stored in the material after imprinting. [21] [22] [23] This is also consistent with developing notion that during the imprint process the viscous flow approaches the shear thinning regime; 23, 24 high rates of shear would be needed to induce stresses. More recently there was also a report by Johannsmann on the decay of shallow ͑0.8 nm͒ grating patterns with a periodicity in the range of 25-60 nm. 25 They observed pattern decay at temperature of 30°C below the bulk T g of the polymer. This was interpreted as evidence for a depressed surface T g of the polymer. While the amplitude of these patterns was not particularly large, it is also possible that this accelerated decay reflects imprinting induced stresses.
Applications that utilize the thermal embossing form of NIL need to be aware of these internal stresses and their potential impact on the intended function of the imprinted pattern. This will become increasingly important as the feature sizes that are imprinted continue to shrink and the materials that are imprinted move away from resist formulations that are sacrificial, i.e., do not have to remain stable for very long periods of time. Most high-resolution commercial imprint formulations are photocurable, low-viscosity liquids where shear-induced stresses would seemingly be minimized ͑although we have not addressed these systems yet͒. However, functional materials that might be patterned into a device may not be amenable to phtotocurable imprints; thermal embossing may be the only recourse. With respect to the commercial thermal imprint resists, there is the notion that the imprint temperature should be close to room temperature to minimize the heating of the substrate. To minimize thermal distortions, coefficient of thermal expansion mismatch issues, and shrinkage upon cooling, this approach is logical. However, room temperature imprint resists will also have a greater propensity to relax their shear-induced stresses at room temperature and possibly lead to major long-term stability issues. For many applications a pattern that changes its shape as a function of time will be of little use. The issue of imprint-induced stresses also needs to be considered from the perspective of cohesive strength. There are reports showing that when imprinting very small features with a high aspect ratio high molecular mass polymers are superior in their cohesive strength; the low molecular mass analogs have a greater propensity to shear off during mold separation. 26 The observations here illustrate that the increased cohesive strength will also be accompanied by increased levels of residual stress. In certain applications this may or may not be important. A final example of where residual stresses need to be considered is in the use of thermal reflow techniques. In chemically amplified photoresists thermal reflow techniques are often used to reduce line edge roughness. The pattern is flash annealed above the T g of the resist where surface tension effects can smooth out feature roughness without significantly changing the overall pattern shape. As we have shown here, the residual stresses can dominate over surface tension during these flash annealings which may lead to dramatic shape changes. This is especially important if the combination of NIL plus thermal reflow is used to fabricate microlenselet arrays. Understanding how the residual stress impacts the reflow response will be critical to engineering the shape of the microlene.
IV. CONCLUSIONS
The thermal embossing form of NIL produces large shear stresses as the viscous polymer melt is forced into the nanoscale cavities of the mold. These stresses do not completely relax during the imprint process and are locked into the resulting structures as they were cooled into the glassy state. Once the mold is separated from the imprint, these process induced residual stresses have the propensity to relax, especially at elevated temperatures, through an anisotropic and irreversible pattern shape change. The patterns decrease in height faster than they broaden in width, displaying a memory of the original flow patterns when the mold was filled. The levels of residual stress can be reduced by either annealing at elevated temperatures in contact with the mold for extended periods of time or using a low molecular mass resist that has a lower viscosity.
